We investigated soil response to irrigation with slightly brackish water (1200 mg L −1 total dissolved solids on average) in a semiarid environment at the microscopic scale using environmental scanning electron microscopy (ESEM) applied in static and dynamic modes, which allowed comparison between nonirrigated and 3-yr-irrigated soil samples to determine the impact of applied brackish water. Results indicate that (i) there was a change in soil hydrophilic behavior by the continuous accumulation of water-borne salt in the soil matrix, (ii) compared with nonirrigated samples, the wetting process occurred more gradually for the 3-yrirrigated sample, (iii) the wetting process started at a lower vapor pressure for the 3-yr-irrigated sample, (iv) water vapor pressure in the chamber at full saturation was lower for the 3-yr-irrigated sample, and (v) the presence of heavy metals in the soil was more frequent in irrigated samples. Our results show that ESEM is a useful technique to determine the impacts on soil of irrigation with slightly brackish water.
The use of unconventional water (e.g., desalted or treated wastewater) for irrigation is becoming common in water-scarce regions of the world (Ghermandi and Messalem, 2009; Martínez Beltrán and Koo-Oshima, 2004) . Among the different types of unconventional water, desalted water mixed with raw saline water is a common agricultural strategy in water-scarce areas (Valdes-Abellan et al., 2013) . This mixing provides brackish water that can be applied to the field.
Soil column experiments to assess the impacts of irrigation with unconventional water have been conducted more frequently with treated wastewater Narkis, 2011, 2013) than with salted water (Beltrán, 1999; Lado and Ben-Hur, 2010) . Research has mainly focused on saturated hydraulic conductivity change (Dikinya et al., 2008; Mandal et al., 2008) by pore clogging, dissolved organic matter, or clay dispersion (Lado and Ben-Hur, 2009 ). Saturated hydraulic conductivity has been usually obtained in the laboratory with constant-head permeability tests or by single-or double-ring infiltrometers (Dane and Topp, 2002) in the field.
Environmental scanning electron microscopy (ESEM) requires minimal sample preparation for analyzing microscopic changes in soil structure and soil wetting patterns (Farulla et al., 2010; Koliji et al., 2010; Lourenço et al., 2008) . A number of ESEM applications to explore fundamental properties of water retention characteristics, permeability, and micro-and macrostructural interactions in geologic materials have been reported by Romero and Simms (2008) . Using ESEM, Donald (1998) investigated wet systems and the important role of soil water content in water flow and contaminant processes, and Ali and Barrufet (1995) studied porous media. However, to our knowledge, the influence of brackish water application on soil wettability patterns due to long-term irrigation has received less attention.
The main objective of this research is the microscale assessment of wetting and drying patterns from vadose zone soil samples by ESEM and a comparison with in situ results. Soil samples were collected before and after 3 yr of irrigation with brackish water from a monitored experimental plot located in a semiarid area (Alicante, southeastern Spain).
Material and Methods

Study Site and Field Experiment
Soil samples were obtained from an experimental plot (9 by 5 m) with no previous agricultural practices at the University of Alicante in southeastern Spain. After turfgrass plantation, irrigation with brackish water started in July 2011 and continued until 2018; the amount of irrigation followed plant demand. The climate is semi-arid, with an average annual rainfall rate of 330 mm and average annual potential reference evapotranspiration of 1200 mm following the Penman-Monteith method (Allen et al., 1998) .
Disturbed and undisturbed soil samples (collected with 5-cm o.d. steel rings) were obtained for laboratory characterization. Soil bulk density (Grossman and Reinsch, 2002) , particle size distribution (Gee and Or, 2002) , porosity (Flint and Flint, 2002b) , and soil particle density (Flint and Flint, 2002a) were determined. Samples for ESEM were collected at 40 cm depth in June 2011, before the beginning of the irrigation period. The second set of samples were obtained in June 2014 after 3 yr of continuous irrigation at the same depth. The 40-cm depth assured the absence of root activity and the avoidance of other factors that affect hydrophilicity, such as the production of organic matter by roots. The soil water model has been described (Valdes-Abellan et al., 2015) . Conservative solute transport was previously done, and results are presented in Valdes-Abellan et al. (2014) .
Irrigation Water Quality
The water applied for irrigation is a blend of raw brackish and desalted groundwater from a reverse-osmosis desalination plant (Prats and Chillón Arias, 2001; Prats et al., 1997) . Major ion analysis in irrigation water took place monthly; in situ determination of pH, temperature (°C), potential redox (Eh), and electrical conductivity (mS cm −1 ) was performed with an Eijkelkamp 18.28 Multiparameter Analyzer. 
Environmental Scanning Electron Microscopy Testing
Soil structure, mineralogy, and pore size distribution of the soil samples were investigated by ESEM, which allows the analysis of undisturbed samples under static or dynamic mode with regard to the relative humidity (RH) and temperature inside the chamber.
The apparatus (a Quanta 650 FEG SEM and an FEI XL30 LaB 6 ESEM) was equipped with large-area energy dispersive X-ray (EDX) detectors (X-Max, Oxford Instruments) for elemental analysis. The scanning electron microscope was operated in either low-vacuum or full ESEM wet mode. Water vapor was used to improve the image quality based on previous studies (Forster et al., 2008) .
Samples used in the ESEM have irregular shapes due to the sampling process from field-site undisturbed soil samples (soil cores). The maximum size of the analyzed samples was ?0.9 to 1 cm, and the minimum size was 2 to 3 mm; all samples were of approximately lenticular shape and size. We assumed there was no temperature gradient inside the soil sample considering the small size and the large specific surface derived from the lentil shape.
Static Mode of Environmental Scanning Electron Microscopy
Two uncoated and undisturbed soil samples were imaged in low-vacuum mode (5°C and 10% RH or 0.7 mm Hg) at low magnification. Specific areas of interest were defined for higherresolution analysis. The accelerating voltage was 20 kV. Microscope images were obtained from a gaseous secondary electron detector or a backscattered electron detector. The working distance was ?10 mm, and the spot size was 4.5 to 5.3 mm.
Carbon-coated polished blocks of samples were examined using the Quanta 650 FEG scanning electron microscope. This technique has the advantage of providing large-scale areas at high resolution, allowing the detection of changes in soil structure (Buckman, 2014) . In addition, EDX analysis was applied in selected areas to determine mineral phase.
Dynamic Mode of Environmental Scanning Electron Microscopy
The dynamic mode of the ESEM lets water condense on, or sublimate from, the sample surface by controlling water vapor pressure and the temperature inside the chamber. A Peltier cooling stage controls the temperature to within 20°C; vapor pressure can be increased to 2.67 kPa (20 mm Hg). Thus, wetting-drying patterns and interactions between solid and liquid phases within the soil matrix can be obtained (Forster et al., 2008; Lourenço et al., 2008 Lourenço et al., , 2012 . In the experiment, the temperature was maintained at 5°C, and RH was controlled by increasing the water vapor pressure from 5 to 6.5 mm Hg, giving 77 to 100% RH. Low chamber temperature allows saturation with low water vapor pressure. Accordingly, the quality of digital images obtained during the test increases because fewer particles exist in the pressure chamber and scattering from the electron beam is lower. Dynamic wetting and drying tests started at 77% RH (5 mm Hg water vapor pressure), and the rate steadily increased to achieve complete saturation of the sample; it was followed by a vapor pressure decrease to its initial value for obtaining the drying part of the cycle. The wetting-drying cycle was replicated three times with each sample.
Results and Discussion
From the analysis of the soil samples, two soil layers were defined (Table 2) : (i) an upper layer of clayey loam (from the surface to 5-6-cm depth) where grass roots mainly develop and (ii) a second layer (up to ?40 cm) of sandy loam with significantly lower content of organic matter and with almost no roots present. Table 2 provides detailed information about the two layers. According to X-ray mineralogy, calcite was the most important mineral in both layers. Clay mineral content (illite) in Layer 1 accounted for up to 9.7% and was practically absent in Layer 2 (Table 2) . Detailed site descriptions can be found in previous studies (Valdes-Abellan et al., 2015 , 2017 .
Static Mode Results
The static ESEM mode shows an overall uniform sample composition of small calcite crystals covering the surface with some silica particles or calcite structures. Our study confirms the presence of Sr, which was previously recorded by Valdes-Abellan et al. (2014) . Figure 1 presents information about a soil sample prior to irrigation at different scale resolution. Figure 1a shows a general view of the sample surface, with Ca as the prevalent mineral from EDX analysis. In Fig. 1b a silica grain is observed, and Fig. 1c shows a Ca tubular structure.
For the sample collected after 3-yr irrigation, results show that the main features of the nonirrigated sample remain; Ca was the VZJ | Advancing Critical Zone Science p. 4 of 9 main element present followed by silica, with calcite and quartz being the prevalent minerals. The application of static mode let us identify two important facts: (i) the number of calcite tubular structures increases in irrigated samples, and (ii) the presence of heavy metals (e.g., Zr, Sr, and Fe) increases significantly.
The detection of existing heavy metals is relatively straightforward using backscattered electron images because the higher the molecular weight of the elements, the brighter than the surrounding matrix is the spot where those elements are located. An example of this feature can be seen in Fig. 2 , where three bright spots were identified, and the application of EDX on these locations revealed the presence of titanium, zirconium, and/or lanthanum. The EDX analysis was applied in both specific locations and maps. Results from EDX mapping (Fig. 3 ) are in agreement with the abovementioned specific EDX analyses together with soil sample mineralogy and composition determined by X-ray fluorescence and diffractometric methods (Table 2) . Figure 4 presents the wetting and drying paths in the nonirrigated soil sample. Calcite minerals and some silica particles are observed during the process. Once the RH reached 98.3 to 100%, the vapor pressure value reached 6.4 to 6.5 mm Hg, and the saturation process developed very rapidly. During the wetting path ( Fig. 4a and 4b) , water initially fills the smaller pores and later fills the macropores, and menisci formation due to water vapor pressure increase is observed. In Fig. 4c , the meniscus radius ranging from 3 to 6 mm is highlighted. Given a meniscus radius of 5 mm, the temperature in the chamber should be 4.8°C according to the Kelvin equation (Andraski and Scanlon, 2002) , which agreed with the previously established temperature of 5°C. Temperature and water vapor pressure were considered constant along the Peltier stage and in agreement with the measured values, although small differences may exist between actual and measured values. Analysis of the pre-irrigation sample establishes a reference stage to compare with results from the post-irrigation stage. It is difficult to obtain quantitative results from just the application of the dynamic mode analysis because no datasets exist to compare with. More dynamic ESEM analyses applied to different soil types are required to achieve conclusive results from the analysis of just one soil type. Figure 5 displays the results of the wetting and drying process applied to the 3-yr-irrigated sample. The tubular calcite structures are dissolved after the wetting-drying cycle. Compared with the nonirrigated soil sample test, the wetting process takes place in a more continuous manner, starting with a lower water vapor pressure and with no sharp wetting steps. The RH at which complete sample saturation was achieved decreased from 98 to 100% for pre-irrigation samples to 86.4 to 95% (6.2-5.8 mm Hg) for post-irrigation samples. The irrigated sample presents high hydrophilic behavior, leading to generally higher soil water content due to the greater salt content of applied water. The evolution of a water droplet in the 3-yr-irrigated sample is shown in Fig. 6 . The droplet remained unblended with soil water during the two first consecutive wetting-drying cycles, and during the third cycle it mixed with the surrounding water and eventually disappeared. Differences in salinity and viscosity between the droplet and the surrounding water have been described (Kwak et al., 2005; Lins and Azaiez, 2018) .
Dynamic Mode
No important differences between the three consecutive wetting-drying cycles were observed. The wetting-drying path was not exactly the same (i.e., the same pores were not filled in the same order); nevertheless, the vapor pressure value at which complete saturation was achieved remained almost constant (±0.1 mm Hg) for all three saturation times.
Discussion
Differences in the behavior of irrigated and nonirrigated soil samples are observed after the absence or presence of salt in the system. Full saturation is achieved at lower water vapor pressure in the post-irrigation sample in a similar way to how different saturation water vapor pressures are obtained in closed systems with different saturated salt solutions (ASTM, 1991; Herington, 1977) . From this, it is expected that the soils had higher soil water contents; nevertheless, higher plant water availability cannot be concluded from the former effect because the increase in soil water content is counterbalanced by the soil pressure head decrease produced by the higher salt content in soil water. Irrigation with brackish water over a long period increases salt content in the soil-water system, and the equilibrium between liquid and vapor phases will evolve to a more thermodynamically stable liquid phase, explaining the observed experimental behavior.
The pre-irrigation sample wetting indicates a fast saturation and a continuous process for the post-irrigation sample. Changes in soil water composition may lead to condensation of very small amounts of water on the soil sample, as seen in Fig. 5e , where the sample surface is covered by a thin and homogeneous layer of water. Furthermore, water-borne salts may become part of the soil minerals as a consequence of the dissolution-precipitation process.
The salinity increase in soil water also explains the presence of unblended small droplets of soil water during the wettingdrying cycles. The salinity difference between deionized water in the vapor chamber and water in the soil would explain this process. Long-term irrigation with brackish water could lead to accumulation of salts, and in Valdes-Abellan et al. (2017) gypsum was identified as the main mineral to precipitate in the soil. The p. 7 of 9 Fig. 6 . Environmental scanning electron micrographs of a 3-yr-irrigated soil sample with a detail of a water droplet evolution: (a-e) wetting process; and (e-f ) drying process.
impact on soil hydrophilic behavior depends on the type of salts present in the system, which depends on the soil mineralogy and the chemistry of the applied irrigation water. Therefore, a different impact on soil hydrophilicity can be expected under different environmental conditions.
The presence of a thermal gradient inside the analyzed samples was not considered based on the size and shape of the samples (i.e., roughly lenticular). The uniform condensation of water vapor in samples, as observed in the different images, supports our initial assumption. Nevertheless, important variations in temperature among different parts of the sample could lead to different behaviors along the sample soil surface.
The presence of heavy metals in the irrigated sample may be explained by the reverse osmosis desalination process. During the desalination process, water is conveyed through metal pipes, and the oxidation process could explain the presence of metals in the water applied and in the soil samples. Research by Abdul-Wahab and Jupp (2009), Akhand et al. (2011), and Mohamed et al. (2005) in the Middle East has also detected heavy metals in the water and in the vicinity of the brine outlet.
The ESEM technique not only reveals the hydrophilichydrophobic of patterns in soils; it may be used in many other applications (e.g., pore clogging and porous media scaling by mineral precipitation). The main disadvantages of the technique are related, from the authors' point of view, to the small sample size required by ESEM equipment. The small sample size may cause doubts about the representativeness of the results and their extrapolation to the complete soil layer. This is not a feature particular to the ESEM technique; it is extended to many other soil characterization procedures. Nevertheless, ESEM results should be considered carefully when conditions of nonuniformity are expected within the study area.
Conclusions
The results obtained from the ESEM technique of water application to the soil samples indicate (i) a change of soil hydrophilic behavior by the irrigation water-borne salt into the porous medium, (ii) a more gradual wetting process for the irrigated sample, (iii) a lower water vapor pressure value to start the wetting process in the irrigated sample, (iv) a lower water vapor pressure after sample saturation for the 3-yr-irrigated sample, and (v) the presence of heavy metals in soil produced by the reverse osmosis process.
Microscale observation of the drying-wetting cycle helps to explain the upscaling or modeling processes. Observed changes in hydrophilic behavior could be expected in similar vadose zone soils irrigated with nonfresh water.
The application of ESEM, in both static and dynamic modes, is a promising technique to study soil impacts from a new perspective. Further analysis is required to increase the number of results, which would let researchers build soil porous media diagnoses from ESEM results.
